A b s t r a c t I In nt tr ro od du uc ct ti io on n: : Two main pathophysiological concepts of overactive bladder (OAB) are postulated: the neurogenic and myogenic theories. Autonomic nervous system (ANS) dysfunction is also involved in OAB pathophysiology. The purpose of our study was to estimate ANS activity by heart rate variability (HRV) assessment in two OAB experimental models evoked by cyclophosphamide administration: acute (AOAB) and chronic (COAB) overactive ones. M Ma at te er ri ia al l a an nd d m me et th ho od ds s: : In the AOAB model, an i.p. dose of cyclophosphamide was administered (200 mg/kg body weight) while the COAB model received 4 times the i.p. administration of cyclophosphamide (75 mg/kg body weight). In each subject, after urethane anaesthesia (1.2 g/kg body weight), 20-minute ECG recordings (PowerLab) were performed with subsequent HRV analysis. R Re es su ul lt ts s: : Most of the differences in time domain analysis parameters were insignificant, except those concerning SDNN and rMSSD (p < 0.05). In frequency analysis, a power decrease of all standard spectral components was revealed in both OAB groups. In AOAB, TP (1.43 ±1.21 vs. 7.92 ±6.22 in control; p < 0.05) and VLF (0.95 ±1.08 vs. 6.97 ±5.99 in control; p < 0.05) showed significant power decrease, whereas the COAB group was mostly characterized by LF (0.09 ±0.15 vs. 0.34 ±0.33 in control; p < 0.05) and HF (0.25 ±0.29 vs. 0.60 ±0.41 in control; p < 0.05) decrease. C Co on nc cl lu us si io on ns s: : The ANS disturbances, found as standard spectral parameter abnormalities, were demonstrated in both AOAB and COAB. When this finding is analysed, together with the lack of statistically significant differences in normalized nLF and nHF powers, the VLF changes seem to play an essential role, probably reflecting the progression in bladder inflammatory changes.
Introduction
The common overactive bladder (OAB) definition was given in 2002 by the International Continence Society (ICS) as urinary urgency with or without urge incontinence, usually associated with frequency and nocturia, in the absence of proven pathological or metabolic disorders or other obvious pathology [1] . According to a 2006 OAB update to the latest terminology, the reviewed OAB definition is urgency with or without urgency incontinence, usually with increased daytime frequency and nocturia [2] . This clinical entity occurs with global prevalence ranging from 8% to 14%, depending on variations in studied populations including sex, age and different diagnostic criteria [3] .
There are two main pathophysiological theories describing OAB development -myogenic and neurogenic ones. The first one considers abnormal smooth muscle myoelectrical activity as the predominant OAB pathogenetic factor. According to neurogenic background, it is postulated that OAB may result from lack of central nervous inhibition of voiding or may be secondary to afferent/efferent autonomic fibre dysfunction [4] [5] [6] . Therefore, it is important to estimate autonomic nervous system (ANS) functioning, the altered activity of which may cause a predisposition to OAB. Nowadays, it is possible to evaluate ANS activity for research purposes using multiple tests based on the cardiovascular reflexes as well as direct catecholamine measurements [7] . However, the best non-invasive method of ANS indirect assessment is the heart rate variability (HRV) study. The HRV is the temporary variation of R-R intervals observed in ECG recording that is modulated by autonomic influences [7] [8] [9] . Two main types of HRV analysis may be identified: time domain [8, 10] , based on the main parameter mNN [ms] and other statistically derived values; and frequency (spectral) domain [8, 11] , estimating the power spectrum and its components (TP, VLF, LF, HF).
Nevertheless, OAB is characterized by the detrusor overreactivity (DO) phenomenon, which is the main abnormality noted in urodynamic studies (bladder motility recordings). DO can be explored using experimental OAB models. One of the best described and methodically developed is that of chemical cystitis induced by cyclophosphamide (CYP). This model, first proposed by Cox [12] , is frequently used by other researchers in this field, often with minor modifications.
The purpose of the study was to estimate ANS activity by HRV analysis assessment in an animal model of OAB. We used one of the best described and explored OAB experimental models -haemorrhagic cystitis (HC) evoked by CYP.
Material and methods

E Et th hi ic cs s
The study protocol was approved by the First Local Ethic Committee in Cracow (agreement decision 126/2010).
A An ni im ma al ls s a an nd d s st tu ud di ie ed d g gr ro ou up ps s
The experiment was carried out using 70 female rats (Wistar). The animals were obtained from the central laboratory. On arrival at the animal house of the Pathophysiology Department the rats were allowed an acclimatization period of 1 week in groups of five per cage. The animals were housed at room temperature, with a 12-12 h day-night cycle, with standard food (Labofeed Kcynia) and ad libitum water. Cyclophosphamide (CYP), a nitrogen mustardtype chemotherapeutic agent, was injected intraperitoneally (i.p.) to produce a model of chemically induced haemorrhagic cystitis (HC). According to CYP dose and route of administration, there is a possibility of inducing an 'acute overactive bladder' (AOAB) model, or a chronic case (COAB) may be evoked [13, 14] . We conducted our study in both AOAB and COAB.
Thus, three groups were studied: control rats (10 animals; mean body weight: 273.3 ±36.0 g) and the AOAB (30 rats, mean body weight: 306.8 ±30.4 g) and COAB groups (30 rats, mean body weight: 289.3 ±42.1 g).
The number of rats in all studied groups was dependent on the entire research project; the autonomic nervous system assessment by heart rate variability was the first phase of a wider experiment. The further step was urodynamic evaluation of bladder functioning after administration of two studied agents: melatonin and agomelatine. We planned to perform urodynamic recordings in both AOAB (30 rats) and COAB (30 rats) populations, divided into six subgroups (each including 10 rats), according to the OAB model and studied compound in the selected dose. Therefore, initially we decided to enrol 10 rats serving as a control group, to enable further comparison of urodynamic findings. The preliminary results of the urodynamic study mentioned above has already been published in 2011 [15] .
A AO OA AB B --a ac cu ut te e o ov ve er ra ac ct ti iv ve e b bl la ad dd de er r g gr ro ou up p
The AOAB model was evoked by a single i.p. administration of cyclophosphamide (Sigma-Aldrich; 200 mg/kg body weight). According to the literature data [13, 14] , 4-24 h after exposure an acute HC is developed with bladder overactivity. The indirect evidence demonstrating bladder inflammation development was haematuria observed in some studied subjects. The next day an ECG recording was performed followed by a HRV analysis. Finally, the rat was put down by pentobarbital (Morbital, Biowet, Puławy) overdose. C CO OA AB B --c ch hr ro on ni ic c o ov ve er ra ac ct ti iv ve e b bl la ad dd de er r g gr ro ou up p
The COAB model was caused by four times i.p. CYP administration (Sigma-Aldrich; 75 mg/kg body weight), every third day during 1 week (1 st , 3 rd , 5 th and 7 th day). This results in chronic chemical bladder inflammation [13, 14] . We also observed progressive haematuria, which appeared in most COAB subjects after the last CYP dose. On the 8 th day, similarly to the AOAB group, an ECG recording was recorded and after these procedures the animal was lethally anaesthetized.
C Co on nt tr ro ol l g gr ro ou up p
The studied animals received single (control to AOAB) or four-times (control to COAB) saline i.p. injection in similar volumes as those administered in AOAB/COAB.
H HR RV V s st tu ud di ie es s
Under urethane anaesthesia (1200 mg/kg body weight; Sigma-Aldrich) ECG recordings were performed during 20-minute rest periods in each studied animal. This anaesthetic agent was chosen having taken into consideration the literature reports which suggested the proportional (up to the applied dose) impact on tonic activity of both sympathetic and parasympathetic ANS parts and relatively small influence on cardiac reflexes [16, 17] parameters were calculated. The frequency range for respective spectral components was set as 0.18 < VLF < 0.28 < LF < 0.78 < HF < 3 and commonly accepted interpretation criteria were adopted: TP reflects global ANS activity, HF and nHF reflect parasympathetic tension while nLF reflects a pure sympathetic one, and LF is both a sympathetic and parasympathetic measure. Results are presented as mean ± SD.
U Ur ri in na ar ry y b bl la ad dd de er r a as ss se es ss sm me en nt t
In both AOAB and COAB rats, urinary bladders were red, swollen and in selected cases covered by abundant serosal petechial suffusions. Leucocyte infiltration of the bladder wall was demonstrated in both OAB groups. Histological inflammatory changes were more pronounced in COAB rats. The control rats had normal bladders.
S St ta at ti is st ti ic ca al l a an na al ly ys si is s
The statistical assessment of the results obtained was conveyed after expressing them as ln values using parametric test analysis of variations (Bartlett's test) with α = 0.05. The H0 hypothesis of equality of analysed parameter variations in the three studied populations was verified versus an alternative hypothesis H1 of their inequality (thus, the existence of statistically significant differences). When hypothesis H1 for an individual parameter for the three groups was accepted, the next statistical step was to compare the differences between two groups (control vs. AOAB, control vs. COAB, and AOAB vs. COAB) using the parametric Fisher-Snedecor test with the same α value.
Results
H HR RV V a an na al ly ys si is s
Most of the obtained intergroup time HRV analysis results were insignificant, except SDNN and rMSSD. SDNN values were the highest in the control group (4.34 ±2.11) and were lower in both OAB groups (3.24 ±2.08 in AOAB and 3.66 ±4.04 in COAB). These differences were statistically significant (p < 0.05) when comparing all studied groups (1-3) simultaneously and when analysing the control group with AOAB and COAB separately. rMSSD reached the highest value in the COAB group (2.36 ±5.32), while in AOAB it was similar to the control (1.65 ±2.77 and 1.56 ±0.82, respectively); rMSSD changes were statistically significant when analysing for all three studied populations and for comparison of the control group with COAB and the AOAB group with COAB.
When analysing the general trend observed in other time-domain HRV parameters, it should be emphasized that some of them (minNN and rMSSD) were increased or decreased (SDNN) in both OAB populations. The basic time domain analysis parameter, mNN, was higher in the AOAB group (171.05 ±12.0 ms) and diminished in the COAB group (163.61 ±12.72 ms) when compared to the control group (167.84 ±14.31 ms); non-significant.
The statistical estimation of calculated spectral HRV analysis parameters indicates intergroup differences related to all non-normalized power components. Generally, the power spectrum of TP and its components was lower in both groups with bladder overactivity (1.43 ±1.21 in AOAB and 2.15 ±2.17 in COAB compared to 7.92 ±6.22 in control; p < 0.05 for all groups). Compared to control, the AOAB group was characterized mostly by pronounced TP (see above) and VLF (0.95 ±1.08) decrease. In COAB, both HF (0.25 ±0.29) and LF (0.09 ±0.15) reduction was clearly expressed. Contrariwise, normalized (nLF and nHF) spectral parameters obtained in all studied populations showed similar values without statistical significance. nLF was 33.76 ±19.50 n.u. in control rats, 32.83 ±20.87 n.u. in AOAB and 27.54 ±19.61 n.u. in COAB (p > 0.05) while nHF reached 66.25 ±19.50 n.u. in controls, 67.17 ±20.90 n.u. in AOAB and 72.46 ±19.62 n.u. in COAB (p > 0.05).
The results described above are presented in Table I below.
Moreover, while analysing non-normalized spectral analysis parameter results, the proportional participation of power AOAB and COAB spectra related to the control spectrum (whose power components were treated as 100%) were calculated and presented in Figure 1 below.
Discussion
As far as we know, our research is the first study revealing autonomic nervous system disturbances in an experimental, CYP-induced OAB model. In brief, we found that the AOAB model was characterized by a deep withdrawal of VLF and TP powers (the fall in TP seems be a consequence of VLF decline because VLF mostly contributes to the TP value). Moreover, relatively high (although lower than in control) LF and HF percentages were noted, probably reflecting the intensified inflammatory bladder changes (Figure 1 ). In COAB, a power decrease of all spectral components was also demonstrated, but contrary to AOAB, the disproportions between particular components' values were not so marked in this group. Compared with AOAB, we observed less TP and VLF reduction, but LF and HF were more reduced (Figure 1) .
The pathophysiological interpretation of the obtained results, especially those in respect to VLF, is difficult, taking into consideration that the mechanisms reflected in this spectral component are poorly understood. There is a common agreement that VLF is related to short-term sympathetic regulatory mechanisms relevant to chemoreceptors, the renin-angiotensin-aldosterone system, thermoregulatory activity and other hard-to-define phenomena [8, 9, 11] . Furthermore, there are studies suggesting that global HRV and especially VLF decrease is negatively correlated with intensification of inflammatory changes and proinflammatory cytokine levels [18, 19] . The VLF power value reduction is considered in cardiology to be an unfavourable prognostic factor of cardiovascular complications, arising from autonomic neuropathy [20] .
Our work revealed a considerable VLF decrease in AOAB subjects, which is compliant with the predictive role of this spectral component in the inflammatory changes mentioned above. The relatively high percentage of HF in the HRV spectrum may reflect the increased compensatory reaction, concerning the cholinergic anti-inflammatory pathway [21] . In COAB, the chronic character of the inflammatory process develops a smaller hypercytoki-G Gr ro ou up p S St ta at ti is st ti ic ca al l a an na al ly ys si is s C Co on nt tr ro ol l ( (g gr ro ou up p 1 1) ) A AO OA AB B ( (g gr ro ou up p 2 2) ) C CO OA AB B ( (g gr ro ou up p 3 3) ) B Ba ar rt tl le et tt t' 's s t te es st t F Fi is sh he er r--S Sn ne ed de ec co or r t te es st t T Ti im me e d do om ma ai in n a an na al ly ys si is s G Gr ro ou up ps s G Gr ro ou up ps s G Gr ro ou up ps s G Gr ro ou up ps s 1 1--3 3 1 1-- 
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Heart rate variability in overactive bladder experimental model naemia level and sympathetic-vagal imbalance (expressed as VLF increase and HF decrease, compared to AOAB). The interpretative difficulties become more apparent when the results demonstrating similar spectral normalized parameter values in both OAB and control groups are taken into consideration. In our assessment, the lack of considerable differences between normalized HRV parameters paradoxically supports the hypothesis regarding the specific character of autonomic disturbances manifesting mostly in the VLF range (which is intentionally omitted in the HRV spectrum normalization process). Further experimental and clinical investigations are needed to reveal the role of HRV spectral abnormalities in bladder inflammation and overactivity detection. It must be emphasized that our results are consistent with the general tendency found in the few clinical studies in this research area. Choi et al. [22] reported that female OAB patients were characterized by a drop in time domain parameters SDNN and rMSSD and a notable reduction in TP, VLF and HF powers. Our findings suggest, however, that LF power is also decreased in an experimental OAB model that may be secondary to parasympathetic withdrawal and sympathetic augmentation during bladder inflammatory damage evoked by CYP. Hubeaux et al. [23] performed a study estimating the not-so-global AUN activity, as did Choi et al. [22] , but the ANS activity during the filling period was evaluated in female patients with stress urinary incontinence (SUI) and idiopathic OAB (IOAB). They showed that the IOAB group was characterized by a more intense resting parasympathetic activity (demonstrated as HF power increase), while during bladder filling progressive HF reduction with LF increase was observed. Contrariwise, SUI subjects were revealed to have more stable autonomic balance in both resting and filling periods. According to Hubeaux et al. [23] , in IOAB the proportions between two main ANS branches change from parasympathetic predominance in the storage period to sympathetic advantage during pre-micturition that may reflect abnormal autonomic control of bladder filling and emptying. Liao et al. [24] also found that in IOAB patients the main time domain parameter, mNN, is lower than in control subjects. However, contrary to Choi et al. [22] they demonstrated SDNN and rMSSD increase but confirmed TP and VLF decrease in the IOAB group. Moreover, apart from HRV estimation during resting, Liao et al. [24] studied ANS variation in pre-and micturition vs. postmicturition periods. Considering the first, wider observation time they found that the control group was characterized by VLF and LF powers augmentation with small HF component representation. Recordings after bladder emptying suggested further LF predominance with no VLF presence in the HRV spectrum. In IOAB patients, considerable HF increase with both LF and HF drops in the first observation period were revealed, and these tendencies were strengthened and deepened after micturition.
We cannot directly treat from these clinical findings due to the considerable methodological differences (we studied only resting conditions, not with reference to pre-and inter-micturition periods) and mostly because of the fact that one cannot simply compare the results obtained in clinical and experimental conditions. However, estimating global trends, our findings also support the hypothesis of autonomic disturbances in OAB course, manifesting as diminishing values of non-normalized HRV spectral components.
In conclusion, both acute (AOAB) and chronic (COAB) overactive experimental models seem to be characterized by disturbed autonomic nervous system activity manifested by diminished power spectral components in both OAB groups. In the AOAB group, VLF power withdrawal with relatively high LF and HF values was especially pronounced, which may suggest bladder inflammatory intensification. On the other hand, the COAB group was characterized by lower disproportions in spectral component powers; TP and VLF reached higher values while LF and HF reached lower ones than in AOAB, although all spectral components were, similarly to AOAB, diminished when compared to the control. Normalized frequency parameters nLF and nHF were similar in both AOAB and COAB; therefore it seems that the differences of VLF power (as a component that is not involved in spectrum normalization calculation) in OAB groups are of great importance.
